The 'thermal deN0,' process using urea has been investigated in a 1 MW fluidized bed combustor. NO, reductions of up to 76% were obtainable by using this method. The experimental results show that urea is at least as active as NH,, which is commonly used in this application, but which is far more toxic and corrosive. Emission levels of 200 mg m -3 for NO, could be achieved by injecting the urea at a height of 2 m above the distribution plate in a molar ratio urea:NO,= 1.5. The SO2 emission value also appeared to be reduced when the urea was injected at a urea:NO, molar ratio ~4.
The increasing awareness of atmospheric pollution problems arising from NO, has led to the introduction of more stringent regulations concerning NO, emissions from the combustion of fossil fuels. This means that there is nowadays a greater need to investigate various low NO, technologies to attain the strict regulation values that will be required in the near future.
The technologies for low NO, emissions can be divided into two groups. One approach is to minimize the generation of NO,, e.g. by flue gas recirculation, fluidized bed combustion (staged combustion) and low NO, burners. The other is the removal of NO, already generated by a chemical reaction with suitable reagents.
Fluidized bed combustion (FBC) is characterized by intrinsically low NO, emissions due to the low operating temperatures, and a combustion zone with reducing components such as char. Secondary measures are therefore considered unnecessary in most cases. However, as mentioned before, legislation in the Netherlands will become increasingly strict (200 mg me3), possibly threatening the development of FBC technology. Thus, secondary measures to reduce NO, seem to be necessary. Among these measures, the method of selective non-catalytic reduction of NO, employing Exxons's 'thermal deN0,' process is most widespread'. This method of selective reduction relies on the injection of NH, into fuel lean combustion zones at about 950°C. The effect of the thermal reduction of NO, by NH, in the presence of O2 has been demonstrated in flow reactor experiments with premixed gases2s3, and experiments with burners fired with methane, oil and coaY. Recently, in trying to get low NO, emissions, the method has also been investigated at a pilot-scale FBC with injection of NH, in the freeboard by Hampartsoumian and Gibbs' and by Amand and Leckner'. These authors showed that the extent of reduction is mainly influenced by the height of the injection ports, the amount of excess air present, and the NHJNO, molar ratio. These parameters were also found to be most important in flow reactor studies. Maximum reductions up to 75% were possible. So 'thermal deN0,' seems to be promising for use in FBC.
However, a main disadvantage of this reduction method is that NH, handling needs careful attention for security, as it is a very toxic and corrosive gas. The demand for a more 'human' selective reducing agent is therefore growing.
The objective of this paper is to investigate the efficacy of the application of urea instead of NH, as a reagent for the 'thermal deN0, process'. Urea is a cheap non-toxic, non-corrosive bulk chemical that is easy to handle.
In some patents -9 16, the use of urea as NO, reducing agent is described, but only in relation to gas fired boilers. In this application, a special reaction unit often has to be built to create the optimal reaction conditions for the 'thermal deN0, process'. In FBC application, however, the freeboard seems to be an ideal reactor with regard to temperature and residence time, but also with sufficient turbulence to apply the selective 'deN0,' reaction.
When urea is heated up, it will dissociate. Some dissociation reactions given in the literature areI': T= 180-280°C 3H,N-CO-NH,
6H,N-CO-NH, + C,N,(NH,), + 6NH, + 3C0, As seen in these reaction equations, ammonia is produced, among other dissociation products, so urea can be used in the 'thermal deN0, process'. This paper describes pilot scale FBC experiments with urea and discusses the results obtained.
EXPERIMENTAL

Experimental equipment
The experiments were carried out in a fluidized bed The urea was used in the form of an aqueous solution (10 wt%), which was found to be most effective for NO, reduction (since at this concentration the urea is uniformly distributed within the etfluent gas"). The urea solution was injected horizontally into the freeboard by a tubing pump and an air-cooled injector made of stainless steel ( Figure 2 ) which dispersed the urea solution into a spray of tine solution droplets. This is an important step in the urea reduction process, because it enables uniform mixing of the urea with the etfluent, and penetration of the urea in the freeboard.
A cooled injector system is necessary to prevent an early evaporation of the urea solution, and decomposition of urea into nitrogen oxides on steel surfaces prior to injection into the FBC.
The flue gases from the fluidized bed boiler were analysed continuously for concentrations of CO,, CO, SO, (infrared), NO, (chemiluminescence), C,H, (flame ionization detection) and 0, (paramagnetic), see Figure  3 . The NH, concentration was sampled discontinuously by absorption in acidified water. The absorbed ammonium ion was determined by spectrophotometry (Berthollet's reaction).
Experimental conditions
The experiments were carried out under the conditions shown in Table 1 . The bed material was silica sand. Data on the coal and limestone used are presented in Tables  2 and 3 . Figure 3 The continuous flue gas monitor system The fly ash from the cyclone was partially reinjected into the bed, the recycled mass flow rate of which was controlled at 1.5 times the flow rate of the coal supplied.
Although a temperature of 950°C is commonly used in applying the 'thermal deN0, process', a freeboard temperature of 900°C was chosen because Wittler ei a1. 19 showed that this was the optimal working temperature. They postulated that the temperature characteristics were altered by heterogeneous reactions on the surfaces of particles that elutriated from the bed into the freeboard. Furthermore, we chose the urea injection port at such a height that the residence time was at least 1.5 s, which was considered to be long enough for the selective NO, reduction reaction".
Experimental programme
The NO, reduction was measured as a function of the urea/NO, molar ratio, the oxygen concentration and the height of the injecting point of the urea solution above the distribution plate. Some experiments have been carried out with an ammonia solution to compare the NO, reduction capacity of urea with that of ammonia. Finally, we investigated which urea:NO, and NH,:NO, molar ratio gave rise to an overshoot of NH,. The experimental programme is given in Table 4 . The urea:NO, and the NH,:NO, molar ratios are related to the NO, concentration at the injection point 1 m above the distribution plate. The NO, emission reduction is calculated from the emission level when no agent is injected in the freeboard.
RESULTS AND DISCUSSION
In Figure 4 the measured NO, emission is given as a function of the urea:NO, ratio, whereby the urea spray was injected at a height of 1 m above the distribution Figure 4 Reduction of the NO, emission as a function of the urea: NO, molar ratio. Experimental conditions: see Figure 5 The NO,-reduction as function of the molar ratio. Experimental conditions: see Table 4 run 2. Ur = urea. Injection height:
A, 0.5 m; 0, 1 m; n , 2 m plate. These experimental results show that NO, emissions can be reduced from 408 mg rns3 to 86 mg me3 (76%) by injection of a urea spray with a molar ratio urea:NO,= 10, while an emission value of 200 mg me3 is reached at a molar ratio urea:NO, = 2. Figure 5 shows the influence of the injection height of the urea spray on NO, reduction. As can be seen from this figure, the injection of the urea spray in the bed at a height of 0.5 m above the distribution plate, gives a much smaller reduction in NO, concentration than injection just above the bed. The best results, however, are achieved by injection 2 m above the distribution plate, resulting in a reduction of 72.5% of the NO, emission at a molar ratio urea:NO,=4.
When the urea is injected in the bed, it will partially oxidize to NO,, which accounts for the disappointing results of the reduction of the NO, emission.
The higher NO, reduction achieved by injection at 2 m above the distribution plate can be explained by the lower NO, concentration at the injection port, caused by the reduction capacity of the freeboard itself (volatiles and char). The local urea:NO, ratio is higher, and subsequently the NO, reduction is better. As is shown in Figure 5 , a ratio of urea:NO,= 1.5 will be enough to achieve an emission level of 200 mg m-3.
The influence of the oxygen concentration on NO, reduction by urea is investigated at a molar urea:NO, ratio of 4 and an injection height of 1 m above the distribution plate. This influence on the NO, reduction is significant (see Figure 6 ). This shows that, in the oxygen concentration range (0.9%4.0%), at 0.9% oxygen a 7 1% reduction of NO, emission is reached (100 mg m-3), while at 4.0% oxygen the reduction is 65% (135 mg me3) . A higher oxygen concentration probably gives rise to a higher formation of NO, due to a higher degree of urea oxidation. The reduction of NO, emissions at 4% O2 is notable.
On comparing the NO, reduction capacity of urea with that of ammonia, Figure 7 shows that urea is at least as active as ammonia. This is a very important result because urea is preferable to ammonia as a reducing agent.
To optimize the NO, reducing capacity of urea (and making it even greater than that of NH,), injection of urea powder instead of urea solution can be considered. At 33o"C, urea powder can be converted into isocyanuric oxygen concentratm Ivol.%l Figure 6 The influence of the 0, concentration on the NO,-reduction. Experimental conditions: see Table 4 run 3
ml ratio Figure 7 The NO,-reduction by: 0, urea; and A, ammonia. Experimental conditions: see Injecting solid urea powder has the advantage over urea solution in that it ensures that HOCN is injected as well as NH,, while injecting a urea spray probably leads only to the injection of NH3 due to the reaction between urea and water, the formation of ammonium carbonate ([NH,],C03), and dissociation into NH,, H,O and C02. Hence, it is expected that injection of solid urea will give better NO, reduction than a urea solution.
Besides a reduction of the NO, emission by injection of urea, we also found that above a molar ratio urea:NO, = 4, the SO, emission was greatly reduced. The reason for this could be an overshoot of the NH, in the freeboard resulting in NH, slipping through the freeboard. When there is NH, in the freeboard, SO2 can react with it, resulting in the formation of (NH,),SO,. This will reduce the SO2 concentration. Figure 8 shows that there is indeed a relation between the NH, concentration and SO2 reduction.
In trying to obtain evidence for this mechanism, we analysed cyclone ash for ammonium ions. However, there were none present. More research on this phenomenon therefore seems necessary.
An important fact is that urea has a much greater effect on SO, reduction than does NH,. This is probably due to the higher concentration of NH, radicals formed by thermal dissociation of the urea. Another important fact is that when the molar ratio of urea:NO, is ~4, only the concentration of NO, seems to be reduced, while the SO, concentration remains unchanged.
Due to the fact that NO, emissions of 200mg me3 can be easily obtained on applying a molar ratio urea:NO,=2, the 'thermal selective reduction' of NO, by urea will only slightly affect the SO, emission level, and will not involve formation of corrosive ammonium sulphate.
CONCLUSIONS
From the present studies it can be concluded that the 'thermal selective reduction' of NO, by urea is as effective as reduction by ammonia. This is important since urea is much less toxic and corrosive than ammonia. It is also a relatively cheap bulk chemical, and is easy to handle and transport.
Furthermore it has been shown that the freeboard is a good reactor place with respect to temperature (9OO'C) and residence time parameters for the 'thermal selective reduction' of NO, by urea. Reduction of up to 72.5% of the NO, emissions is easily obtained by the injection of the urea spray at a height of 2 m above the distribution plate with a molar ratio urea: NO, of 4, without emitting NH,. By injecting the urea spray under the same conditions but with a molar ratio urea: NO, = 1.5, an NO, emission level of 200 mg mm3 can be reached. 
